The hybridization of combined-cycle power plants with solar energy is an attractive means of reducing carbon dioxide (CO 2 ) emissions from gas-based power generation. However, the construction of the first generation of commercial hybrid power plants will present the designer with a large number of choices. To assist decision making, a thermo-economic study has been performed for three different hybrid power plant configurations, including both solar thermal and photovoltaic hybridization options. Solar photovoltaic combined-cycle (SPVCC) power plants were shown to be able to integrate up to 63% solar energy on an annual basis, whereas hybrid gas turbine combined-cycle (HGTCC) systems provide the lowest cost of solar electricity, with costs only 2.1% higher than a reference, unmodified combined-cycle power plant. The integrated solar combined-cycle (ISCC) configuration has been shown to be economically unattractive.
Introduction
Combined-cycle gas turbine (CCGT) power plants are currently the power generation technology that offers the highest fuel-toelectric conversion efficiency, with modern power plants demonstrating efficiencies of 60% and above at design conditions [1] . Furthermore, modern combined-cycle power plants are extremely flexible, capable of reaching full load within 30 min during a hot start and, once online, being run up or down at rates of around 5% of the installed capacity per minute [2] . This has led to CCGTs becoming the dominant gas-based technology for intermediate and base-load power generation, currently representing between 18% and 20% of worldwide electricity generation [3] .
In recent years, growing concerns about anthropogenic climate change have resulted in policy changes in the power generation sector and led to increased focus being placed on reducing CO 2 emissions from electricity generation. While natural-gas fired CCGT power plants are one of the least carbon-intensive options available (with emissions from a modern power plant below 400 kg co2 /MWh e [4] ), ambitious emissions targets in the European Union and other regions have led to a desire to further reduce emissions from CCGT power plants. Decreases in CO 2 emissions are directly linked to decreases in fuel consumption and, with fuel prices in Europe and Asia currently high [5] , reductions in fuel burn will also serve to improve the economic viability of CCGT power plants and hedge against future volatility in fuel prices.
At first glance, the simplest means to reduce emissions from CCGT power plants would appear to be to continue to increase the conversion efficiency of the fuel, which can be achieved through higher firing temperatures in the topping gas turbine unit. The historical evolution of the maximum temperature at the first gas turbine stator row is shown in Fig. 1 , and it can be seen that it is becoming progressively harder to increase the temperatures that the turbine blades can tolerate. The limits of even advanced materials are beginning to be reached and blade cooling is consuming an ever greater fraction of the total airflow [6] . As such, alternative means to reduce CO 2 emissions from CCGT units need to be found.
One option is to move the focus away from the conversion efficiency and toward the heat source itself. If part, or all, of the energy supplied to the CCGT power plant can be drawn from a low-carbon source, overall emissions from the unit can be dramatically reduced. Solar power has great potential to provide an alternative energy source for CCGT power plants, especially in the Middle East and North Africa, where solar resources are high and gas-based generation accounts for nearly 60% of the electricity sector [7] . The combination of reduced emissions, resulting from the substitution of solar energy for natural gas, and guaranteed controllable electricity production makes hybrid CCGT power plants ideally suited to form the backbone of a future low-carbon electricity system.
Integration of solar energy into CCGT power plants has been studied by a number of authors, including initial studies by Allani et al. [8] , Kribus et al. [9] , and Kane et al. [10] and more recent studies by Libby et al. [11] and Pihl et al. [12] , all of whom highlighted the economic and environmental potential of these hybrid power systems. However, despite the fact that there exist a wide range of different options for integrating solar energy into a CCGT power plant (as will be seen in Sec. 2), each of the studies listed above focuses on a single configuration and no systematic comparison of the different options has been carried out. Furthermore, advances in the field of high temperature solar receivers [13] , increases in the flexibility of CCGT units [1] and significant cost reductions in the field of thin-film solar panels [14] have opened up new means of integrating solar energy into CCGT power plants.
As such, the construction of commercial hybrid solar CCGT power plants presents the designer with a large number of decisions, including choosing the means of solar integration and the overall degree of solarization. In this paper, the tools of thermoeconomic analysis are applied to examine the technical and economic performance of a number of different hybrid solar CCGT power plant configurations and establish optimum design choices in order to assist with decision making.
Hybrid Solar Combined-Cycle Power Plants
At the current time there are two dominant solar power technologies on the international market. Solar photovoltaic systems convert the sun's energy directly into electricity, whereas concentrating solar power systems use this energy to create a hightemperature heat source, which is then used to drive conventional power generation equipment.
These two different solar power technologies give rise to three main hybridization schemes for CCGT power plants. The simplest option is to install a photovoltaic array alongside the CCGT unit; the electrical output of the photovoltaic array is then used to replace part of the electrical output from the CCGT power plant. Alternatively, a concentrating solar collector can be used to convert the sun's energy into heat, which is then inserted into either the topping gas turbine or the bottoming steam cycle, depending on the temperature at which the solar energy is harnessed. The solar heat input serves to replace part of the fuel input to the CCGT power plant. These different hybridization options are summarized in Fig. 2 and are described in more detail in the following sections.
2.1
The SPVCC. In a SPVCC power plant, a large photovoltaic array is installed alongside the CCGT power plant, and the flexibility of the CCGT unit is harnessed in order to compensate for fluctuations in the variable solar output. When the photovoltaic array produces electricity, the output of the CCGT is reduced in order to maintain a constant overall output from the combined system. The operation of an SPVCC power plant is shown in Fig. 3 for two example days, one good day, and one intermittent day.
It can clearly be seen that the limiting factor for solar energy integration in an SPVCC power plant is the minimum load of the CCGT unit. Given that the startup time of a contemporary CCGT is in the region of 30 min [2] , the unit is not shut down during solar operation as it must be available to respond quickly to changes in solar output in order to guarantee a constant overall output. If excess solar electricity is produced, it is curtailed in order to maintain the desired output.
At the current time, no SPVCC systems have been installed worldwide; instead, transmission lines are used to integrate photovoltaic arrays with other power plants acting as backup. However, siting both systems at the same location simplifies control and offers the possibility of sharing infrastructure and electrical interconnection lines, reducing costs. This approach has been adopted for the 60 MW hybrid geothermal and photovoltaic power plant at Stillwater, NV [15] .
The ISCC.
In an ISCC power plant, medium-temperature solar heat is introduced into the bottoming cycle of the CCGT, increasing steam production. During solar operation, this additional steam increases the output of the steam turbine, and the topping gas turbine can be throttled back, reducing fuel consumption while maintaining the desired power output from the CCGT, as shown in Fig. 4 . The chief drawback is that an oversized steam turbine is required and, as such, whenever the ISCC operates without solar heat input (e.g., at night) the steam turbine operates at part-load and, consequently, at a lower efficiency. Similarly, during solar hours, the topping gas turbine operates at part-load, again reducing the efficiency.
The ISCC is the most widely deployed hybrid solar CCGT system and the technical feasibility of the concept is well proven. The first generation of ISCC power plants used heat from parabolic trough solar collectors to generate saturated high-pressure steam which was then mixed with conventionally generated steam in the high-pressure drum of the heat recovery steam generator [16] . Power plants of this type are operational in Morocco [17] , Egypt [18] , and Algeria [19] , and range in size between 150 and 470 MW. The next generation of ISCC power plants will likely employ solar tower (i.e., heliostat field) collectors with direct steam receivers [20] , capable of generating high-temperature superheated steam which can then be injected directly at the inlet of the high-pressure steam turbine. This results in a higher solar conversion efficiency [21] and a more economically viable power plant design; as such, only the solar tower configuration is considered in this work.
However, regardless of the chosen integration scheme, the amount of solar energy that can be harnessed by an ISCC power plant is limited by the spare capacity of the steam turbine. In order to avoid large efficiency penalties for off-design operation, oversizing of the steam turbine has been limited to 40% in existing power plants, giving annual solar electricity fractions below 5%. As such, the degree of fuel saving achieved by ISCC power plants is relatively small.
2.3
The HGTCC. In a HGTCC power plant, hightemperature solar heat is introduced into the topping gas turbine of the CCGT, directly replacing fuel. The most promising approach is to re-route the main airflow leaving the gas turbine compressor and send it to a pressurized solar air receiver, where solar heat is added to the flow. As the solar heat is to be harnessed at high temperatures, heliostat field collectors are required in order to ensure an acceptable efficiency of the receiver [14] . The preheated air produced by the solar receiver is then sent to the gasturbine combustion chamber where fuel can be injected in order to reach the desired final combustor outlet temperature. During solar operation, the increased temperature of the combustion inlet air results in reduced fuel consumption, as shown in Fig. 5 .
The performance of the topping gas turbine is penalized during solar operation, due to the additional pressure drops created by the receiver, resulting in around a 1% reduction in efficiency [22] . On the other hand, this does not affect the performance of the bottoming cycle; after expansion, the exhaust gases from the hybrid gas turbine are ducted to a standard heat recovery steam generator and steam cycle.
Given the large size of utility-scale CCGT power plants, the power block will have to remain at the base of the tower, and hot gas piping used to duct the compressor air up and down the tower, as shown in Fig. 6 . Material limits in the pipes have restricted current tower-mounted solar receivers to temperatures of around 800 C [23] . Higher operating temperatures (up to 1200 C [13] ) have been demonstrated in pilot facilities, but can only be achieved if the receiver and gas turbine form an integrated unit. The higher the temperature at which solar heat can be integrated into the gas turbine, the greater the fraction of the fuel input that can be displaced by solar energy.
At the current time, no utility-scale HGTCC systems have been installed, but a number of demonstration projects have established the technical viability of the HGTCC concept. Early work on small-scale units was performed as part of the SOLGATE [24] and SOLHYCO [25] projects. Following the success of these small-scale units, the ongoing SOLUGAS project [23] will scaleup the system to 4.6 MW. However, moving to even larger utilityscale plants is associated with significantly higher capital expenditure, which increases the perceived risk: an issue which has thus far dissuaded potential investors, despite the high potential of HGTCC systems.
Solar Share of Electricity Production
In regions where incentive measures are in place to reward the production of carbon-free electricity, it is important to be able to determine the share of solar electricity that is generated by a hybrid CCGT. In a correctly designed electricity market, hybrid power plants should only receive incentive payments for the electricity that is actually produced from solar energy.
The method of determining the solar share f sol depends upon the type of hybrid power plant that is under consideration. In the case of the SPVCC power plant, the share of solar produced electricity can be determined directly from the output of the CCGT unit E CCGT and the (noncurtailed) output of the solar photovoltaic array E PV , using below equation:
In the case of the ISCC and HGTCC power plants, it is not possible to directly separate the solar-derived electricity from the fuelderived electricity, and the solar share is instead calculated using Eq. (2), based on the solar heat and fuel inputs to the CCGT, denoted Q sol and Q fuel , respectively. As solar heat can be introduced into the CCGT system in different ways, it is also necessary to take into account the efficiencies g sol and g fuel at which the solar heat and fuel inputs are converted to electricity, as a given quantity of solar heat will not necessarily displace the same quantity of fuel if it is introduced at a different point in the power conversion process. It can be seen from Eq. (2) that there is a strong incentive to introduce solar heat into the power cycle at the highest temperature possible, as this will result in a higher conversion efficiency for the solar energy, and thereby displace a greater quantity of fuel. As such, the HGTCC power plant has an intrinsic advantage over the ISCC power plant, in that solar heat is added to the topping gas turbine rather than bottoming steam cycle. Solar energy is thus converted to electricity at a higher efficiency and can displace a greater amount of fuel.
As the solar energy input is highly variable, it is important to distinguish between the nominal and annual values of the solar share. The nominal solar share measures the degree of solar integration at design conditions, when all the solar equipment is producing its rated output. However, due to the variability of the solar flux, operation of the hybrid CCGT power plant will change throughout the year and the nominal solar share cannot be used to determine the true distribution between solar-generated and fuelgenerated electricity; an annualized value for the solar share must be used instead. As there are times when the sun will not be shining, the annual solar share is always less than the nominal value.
A previous study by the authors [26] has shown that in the absence of storage, efforts to increase the annual solar share above a value of around 50% of the nominal solar share are usually uneconomical. Reaching very high annual solar shares requires the solar equipment to be oversized, resulting in very high investment costs, thus making the designs uncompetitive. Oversizing is necessary in order to increase the time during which the solar equipment produces at least nominal output. With oversized solar equipment, the delivered power reaches the required value for nominal operation earlier in the day, allowing the power plant to be operated at full solar load for a longer duration. In this way the solar share of the hybrid CCGT can be increased. However, in the absence of a storage unit, the excess power above the nominal demand cannot be harnessed and this surplus energy must be spilled from the system, either by curtailing the output of the photovoltaic array or by spilling energy from the concentrating solar collectors. As such, oversizing the solar equipment suffers from rapidly diminishing returns.
Thermo-economic Modeling
The performance of the different hybrid CCGT concepts presented in Sec. 2 has been analyzed using the in-house thermoeconomics tool: DYESOPT (for DYnamic Energy Systems OPTimiser). Thermo-economic analysis combines thermodynamic performance calculations with equipment cost predictions and financing concepts; in this way both environmental and economic aspects can be taken into account and the correct compromise selected to reflect society's needs.
A basic flowsheet of the thermo-economic analysis process is shown in Fig. 7 . Based on the parameters of the desired configuration, the nominal power plant design is first calculated and the power plant equipment is sized. These values are then sent to a transient simulation routine where an entire year's worth of operation can be simulated, based on a given set of meteorological data and the desired operating strategy for the power plant. Given the high variability of the solar resource over the year, annual simulation of the hybrid CCGT systems is essential in order to obtain a representative evaluation of their performance. Nominal point data are also used to determine the capital cost of the power plant equipment, and are combined with operating data to calculate the annual operation and maintenance costs. As output, the analysis process produces a series of thermo-economic performance indicators, such as investment costs, electricity costs, specific CO 2 emissions, and many more. This modeling process is described in more detail below.
Thermal Power Cycle
Modeling. The models of the thermal power units (i.e., the topping gas turbine and bottoming steam cycle) are based on the fixed and variable heat rate model [27] , which distinguishes between the fixed heat that is required to drive the turbines at full speed and maintain synchronization with the grid (at zero output) and the variable heat that is required to produce power. As can be seen in Fig. 8 , this model effectively captures the efficiency penalty for operating the power cycles at part-load conditions.
In numerical terms, the heat rate model can be expressed using Eq. (3), where Q þ is the heat input required to produce a given electrical output E À , and E nom is the nominal output of the power cycle
The constants A and B are determined using Eq. (4), based on the efficiency of the power cycle at full load g nom and at 50% load g 50 . Equation (3) is used to model both the topping gas turbine and bottoming steam cycle, with different values of the constants A and B, based on the relevant efficiencies. Transactions of the ASME
In the basic CCGT configuration used in the SPVCC power plant, heat is supplied to the gas turbine in the form of fuel, while the heat input for the steam cycle is derived from the gas turbine exhaust. Applying the conservation of energy to Eq. (3), the exhaust heat Q exh produced by the gas turbine can be determined using below equation:
In the ISCC and HGTCC configurations, more than one heat source is present, and the basic heat rate model needs to be modified to take this into account. For the ISCC power plant, solar heat supplements the gas turbine exhaust to drive the steam cycle, and the output of the steam turbine can be determined using Eq. (6). For the HGTCC power plant, solar heat is combined with fuel input to drive the gas turbine, the output of which can be determined using Eq. (7). In this case, the constants A GT and B GT vary as a function of the solar heat input, in order to take into account the reduced efficiency of the gas turbine during solar operation (see Sec. 2.3). The output of the steam cycle is not affected by solar integration in the HGTCC case, and is calculated using the same approach as the unmodified CCGT.
Using the different the heat rate models presented above, the required fuel input to the CCGT unit can be determined for the three hybrid power plant configurations under study, as a function of the required load and varying solar heat input. This fuel consumption is then directly linked to the fuel costs and the environmental impact of the power plants.
Solar Power Equipment Modeling.
In addition to the model of the CCGT power cycles, separate performance models are required in order to determine the output of the solar equipment. The electrical output of the photovoltaic array in the SPVCC power plant can be determined using Eq. (8), where E nom is the nominal output of the array under standard solar irradiation test conditions ISTC (set as 1000 kW/m 2 [28] ) and I t is the current total solar irradiation. An incidence angle modifier (IAM) is used to take into account the cosine losses [29] resulting from the changing position of the sun (elevation a S and azimuth c S ) relative to the fixed orientation of the photovoltaic array.
The solar heat input to the ISCC and HGTCC power plants can be calculated using Eq. (9), as a function of the installed solar collector area A col , the direct beam irradiation I b , the thermal efficiency of the solar receiver g rec and a field efficiency matrix W, which maps the solar position to a value of the overall optical efficiency of the heliostat field. An in-house version of the DELSOL3 cellwise field model [30] was used to calculate the field efficiency matrix in this study.
The electrical output of the photovoltaic array is used to set the required load for the CCGT unit in the SPVCC; whereas for the ISCC and HGTCC power plants, the heat input from the solar collector is used to determine the relative production of the gas turbines and steam turbines, and the required fuel consumption to run the power plant.
Cost Functions.
The total overnight construction cost C 0 for the hybrid CCGT power plant (i.e., neglecting interest during construction) is calculated using Eq. (10), which takes into account the cost of the CCGT power block C PB , including both the gas turbine and the bottoming steam cycle, the cost of the solar equipment C sol , the cost of equipment installation C inst , the costs associated with engineering, procurement, and construction management C EPCM as well as contingencies C cont :
An overview of capital costs for the different power plant components is given in Table 1 . Costs for the gas turbine and steam cycle, as well as the photovoltaic array, are based on data from the IEA [31] . Costs for the heliostat field collectors are based on data from NREL [32] . Central tower and receiver costs for the ISCC and HGTCC configurations are based on the ECOSTAR report [33] and the work of Schwarzb€ ozl et al. [34] . Equipment installation costs are set at 15% of the initial capital costs, based on the recommendations of Peters and Timmerhaus [35] , while the costs of engineering, procurement and construction are set at 5% of the total installed cost, based on figures from NREL [32] . Contingency requirements are estimated as 10% of the installed costs, based on IEA recommendations [31] .
In addition to the upfront construction costs, it is also necessary to determine the annual maintenance costs C mnt for the hybrid CCGT power plants. Maintenance costs are calculated using Eq. (11) and consist of the annual fixed and variable costs, C fix and C var , for the power plant equipment, as well as the annual cycling costs C cycl , resulting from the startup and shutdown of the CCGT power block
An overview of the fixed and variable maintenance costs for the different power plant components is given Table 2 ; fixed costs are capacity related (in USD/kW yr ), while variable costs are production related (in USD/MWh). Maintenance costs were obtained from the same sources as the capital costs, with the split between fixed and variable costs calculated based on the work of Johnson [36] . The optical equipment (photovoltaic array and heliostat field collectors) is exposed to the weather, and thus requires Maintenance costs due to cycling can be determined for the power block and receiver components using Eq. (12), based on the equivalent operating hours approach [37] . The cost per start is assumed to be equal to the variable maintenance cost c var multiplied by an equivalent number of hours of full load operation (nominal electrical output in Eq. (12) should be replaced by nominal thermal output when calculating cycling costs for the solar receiver). The annual cycling cost is then obtained by summing the cost for all the starts within the year. The magnitude of the damage caused by each start depends on the nature of the start, with hot and warm starts resulting in less damage than cold starts. CCGT power plants generally operate in daily cycling mode, meaning that all starts are likely to be hot. The equivalent operation hours per start (EOHs) for the CCGT unit can therefore be assumed to be 10 h [38] .
4.4 Thermo-economic Performance Indicators. The cost and performance figures from the models presented above can be combined to calculate a number of thermo-economic performance indicators, which can then be used to evaluate the different hybrid CCGT concepts. Two key performance indicators, the solar share and the overnight cost, have been defined above. The additional cost C add to hybridize the CCGT can be determined using Eq. (13), based on the cost of a reference, unmodified, CCGT power plant (see Sec. 5.3)
Upfront costs are generally less important than the levelized cost of electricity (LCOE), defined as the minimum electricity sale price which, over the lifetime of the power plant, generates enough revenue to pay back the initial loan while covering the operating and maintenance costs. The LCOE can be calculated using Eq. (14), where C fuel is the annual fuel cost and E net is the net annual electricity production. The annuity factor a is calculated using Eq. (15), based on the interest rate i and the power plant operating lifetime n op . The additional factor f con takes into account interest accrued during construction of the power plant, and can be calculated using Eq. (16) as a function of the number of years n con required to build the power plant: the IEA gives an average construction time of 2 yr for natural-gas CCGT power plants [31] .
Of further interest is the levelized cost of the solar-derived electricity (LCOE sol ), determined using Eq. (17) based on the price at which the solar electricity must be sold in order to be able to continue to sell the remaining fossil-derived share of the electricity at the same price (LCOE ref ) as an unmodified CCGT power plant (again, see Sec. 5.3)
The specific CO 2 emissions f CO 2 can be calculated using Eq. (18) where M fuel is the total mass of fuel burnt annually and c fuel is the carbon content of the fuel
5 Thermo-economic Analysis
Having established a thermo-economic model of the hybrid CCGT power plants, this model can now be used to analyze and compare the different hybridization options.
System Specifications.
In order to ensure a representative comparison of the different hybrid CCGT technologies, all the three power plant configurations are based around the same basic system specifications, shown in Tables 3 and 4 . A minimum CCGT load of 40% was considered for the SPVCC power plant, based on the assumption of a single-unit CCGT power block [1] . For the ISCC power plant, the steam cycle was assumed to 40% oversized, based on values from existing ISCC units [17, 18] . Finally, for the HGTCC power plant, a maximum receiver temperature of 800 C was assumed, based on experience from the SOLUGAS project [23] . An efficiency penalty of 0.9% was applied to the topping gas turbine during solar operation, based on the predictions of Barigozzi et al. [22] . These values translate into nominal solar shares of 60.0%, 10.7%, and 33.7% for the SPVCC, ISCC, and HGTCC power plants, respectively.
Furthermore, the thermo-economic performance of the different hybrid CCGT power plants will depend on a number of meteorological and economic boundary conditions. The power plants are all assumed to be located in southern Spain, at 37.2 N, with an annual DNI of 2136 kWh/m 2 yr [39] ; radiation data was taken from the HelioClim3 service [40] .
The financing parameters that affect the LCOE are taken from a report by the European Solar Thermal Electricity Association [41] . An interest rate of 7% was assumed, with an equipment lifetime of 25 yr. A price of 40.1 USD/MWh th was assumed for natural gas, based on recent figures from the IEA [5] . Natural gas was assumed to be an 85-10-5 mixture of methane, ethane, and propane, giving a lower heating value of 49.6 MJ/kg and a carbon content of 75.8 wt.%.
A number of key performance indicators are based on the net electricity production, which depends on the operation of the power plant. In this study all the hybrid CCGT power plants are assumed to be operated at full load between 7 am and 11 pm, regardless of the solar irradiation conditions. This gives an annual capacity factor of 67%, and matches well with the high-load region of the Spanish demand curve [42] .
Design Parameters.
Having established the standard parameters of the hybrid CCGT power plants under study, it is necessary to define the design parameters that will be varied during the analysis. In this work, the main focus is placed on comparing the hybrid CCGT configurations at different degrees of solar integration and, as such, the main design parameters concern the sizing of the solar equipment. For the SPVCC power plant, it is the installed capacity of the photovoltaic array that is varied, whereas for the ISCC and HGTCC power plants it is the heliostat field size.
5.3
Reference CCGT Power Plant. In order to put the performance of the hybrid CCGT power plants into perspective, a reference case has been calculated, based on a standard, unmodified CCGT power plant, and the results are shown in Table 5 . A relatively high LCOE of 96 USD/MWh e is obtained, due to the high natural gas cost.
Economic Performance.
The first performance factor considered is the economic viability of the different hybrid CCGT configurations. The additional equipment cost required to achieve a given degree of solar integration is shown in Fig. 9 . As additional solar equipment is installed, the annual solar share initially increases linearly and then saturates above a certain level of investment. This behavior results from the physical limitation imposed by the nominal solar share of the hybrid power plants. Even if an extremely large investment was made in solar equipment (in order to provide nominal solar output during all sun-hours) the maximum annual solar share cannot surpass the nominal solar share. In reality, the limit is lower than this as the power plant operates at least partially at night. The SPVCC, ISCC, and HGTCC configurations achieve maximum annual solar shares of 38.8%, 8.3%, and 24.7% respectively, which represents between 65% and 75% of their nominal solar shares.
It can also be seen in Fig. 9 that modification of the power plant to give the ISCC and HGTCC configurations involves certain fixed costs, which are in the region of 229 and 257 USD/kW e , respectively. These fixed costs are for the construction of the central tower and receiver; additionally, in the ISCC case, they include the oversized steam cycle equipment. As a result of these fixed costs, at low annual solar shares (up to 3.5%) it is the SPVCC that can integrate solar energy at the lowest cost. However, once the tower is built, the cost of increasing the solar share of the HGTCC is much lower for the SPVCC, and at medium solar shares (between 3.5% and 22.8%) it is the HGTCC configuration that can integrate solar energy at the lowest cost. At annual high solar shares, the performance of the HGTCC is limited by its relatively low nominal solar share (33.7%, compared to 60.0% for the SPVCC) and the SPVCC is again the cheapest option above annual solar shares of 22.8%. It can be seen in Fig. 9 that the ISCC is a relatively unattractive option, as for the same cost it results in a lower degree of solar integration that either the SPVCC or the HGTCC configurations.
The influence of solar integration on the cost of the electricity generated is shown in Fig. 10 , both in terms of the overall LCOE (solid line) and the LCOE of the solar-derived electricity (dashedline). For both the SPVCC and ISCC configurations, it can be seen that as the degree of solar integration increases, the overall LCOE of the power plant rises. Initially this increase is linear, but at higher solar shares the overall LCOE grows exponentially due to the massive increase in the size (and thus cost) of the solar equipment needed to raise the solar share. For the HGTCC configuration it can be seen that after an initial LCOE increase of 6 USD/MWh e (resulting from the fixed equipment costs) the overall LCOE drops slightly to a minimum value of 98 USD/MWh e at an annual solar share of 17.4%, as the additional investment in solar field equipment is more than compensated for by the reduced fuel consumption.
Solar electricity costs from the SPVCC have a relatively constant value of 196 USD/MWh e across a wide range of annual solar shares (from 0% to 22.6%), as there are no fixed costs associated with installation of the photovoltaic array. At higher solar shares (above 22.6%), solar electricity costs rise exponentially as the fraction of the solar output that is curtailed increases. Solar electricity costs from the ISCC and HGTCC power plants are very high at low solar shares, as the fixed costs for hybridization are distributed over a small amount of solar-derived electricity. As the annual solar share increases these fixed costs can be better distributed and the solar LCOE drops, reaching minimum values of 246 and 105 USD/MWh e at annual solar shares of 5.8% and 17.4% for the ISCC and HGTCC power plants, respectively. At high solar shares, the solar LCOE from both configurations increases exponentially, as it becomes necessary to oversize the solar collectors. At low annual solar shares (below 4.8%) it is the SPVCC that provides the lowest-cost solar electricity. At medium solar shares (between 4.8% and 22.8%) it is the HGTCC that provides the lowest costs. At higher solar shares, the SPVCC is again the most cost-effective, but even with this configuration, the solar LCOE increases rapidly. Overall, the lowest cost solar electricity is produced by a HGTCC power plant operating at an annual solar share of 17.4%; solar electricity costs for this configuration are only 9.5% higher than electricity from the reference CCGT.
5.5 Technical Performance. As the overall output of the hybrid CCGT power plant is fixed, the technical performance of the different configurations is evaluated in terms of efficiency and capacity factor. The mean annual efficiency of the different CCGT power blocks as a function of the annual solar share is shown in Fig. 11 .
The efficiency of the power block in the SPVCC configuration drops with increasing solar share, as the increased solar output forces the CCGT to operate at part-load for longer periods of time. In the HGTCC configuration, increased solar operation also reduces the efficiency of the CCGT power block, due to the efficiency penalty in the topping gas turbine caused by increased operation of the solar receiver. In the ISCC configuration, the efficiency of the power block is penalized even before solar heat is integrated, due to the oversizing of the steam cycle, which results in part-load operation of the bottoming cycle even at nominal power plant output. As the solar input increases, the power block efficiency drops further, as heat is added directly to the bottoming cycle and less benefit can be drawn from the combined-cycle layout.
Integration of solar energy into the hybrid power plant also influences the capacity factors of the power plant equipment, as shown in Fig. 12 . In the SPVCC configuration, the capacity factor of the CCGT drops linearly with increasing annual solar share, as the output of the photovoltaic array replaces output from the CCGT. The HGTCC configuration maintains a constant capacity factor when additional solar heat is integrated as operation of the power block is not influenced: fuel input is simply replaced by solar heat. The capacity factor of the HGTCC is slightly less than that of the reference CCGT power plant, as the topping gasturbine needs to be slightly oversized in order to account for the efficiency penalty during solar operation. The ISCC configuration suffers from an even greater reduction in capacity factor, due to the oversized steam cycle. Overall, the ISCC maintains a constant capacity factor as solar heat is added; however, if the gas turbine and steam cycle components are examined separately, it can be seen that there is a reduction in the capacity factor of the gasturbine in order to allow the steam cycle to harness the additional solar heat input.
Environmental Performance.
The environmental performance of the hybrid CCGTs is evaluated in terms of their specific CO 2 emissions, shown in Fig. 13 . For all configurations, the specific CO 2 emissions decrease monotonically with increasing annual solar share, as solar energy supplants fuel consumption. As the SPVCC power plant can achieve the highest annual solar shares, it is this configuration than achieves the lowest level of CO 2 emissions (down to 268 kg co2 /MWh e ), followed by the HGTCC (down to 316 kg co2 /MWh e ) and the ISCC (down to 385 kg co2 /MWh e ). However, due to the efficiency penalties shown in Fig. 11 , the true reduction in emissions is less than the theoretical value for all the hybrid CCGT configurations. The initial penalty for the oversized steam cycle of the ISCC means that at annual solar shares below 1.2%, emissions from this configuration are higher than those of the reference CCGT power plant.
Technical Sensitivity Studies
The thermo-economic performance of the hybrid power plant configurations presented in Sec. 5 is dependent upon a number of technical hypotheses, and the limitations imposed by these hypotheses will now be examined in more detail.
6.1 Operational Limitations. The key operational limitation preventing the integration of more solar energy into the SPVCC power plant is the need to maintain the CCGT unit online at all times in order to respond to changes in solar output. Solar resource prediction has improved dramatically in recent years, with 2 h predictions capable of being made with an error of less than 2.5% [43] . As such, on days with favorable solar irradiation, it is feasible to shut down the CCGT unit when the predicted output of the photovoltaic array exceeds the nominal capacity of the power plant for more than the startup time of the CCGT unit, as shown in Fig. 14 . As the startup time of the unit is less than the prediction horizon of the photovoltaic array, the power plant can be restarted in time to guarantee the electrical output.
The influence of day-time shutdown operation of the SPVCC power plant is shown in Fig. 15 . No change occurs for annual solar shares below 29.3% as the installed capacity of the photovoltaic array is less than the nominal output of the CCGT unit, and as such it must remain online at all times. At higher annual solar shares (above 29.3%), the ability to shut down the CCGT unit allows a significant reduction in the LCOE, as less output from the photovoltaic array needs to be curtailed. Furthermore, the maximum annual solar share that can be reached by the SPVCC is increased, from 38.8% to 58.9%. However, these improvements occur in a region where the solar LCOE has already begun to grow exponentially, due to the oversized solar equipment. As such, the minimum cost of solar electricity from the SPVCC is not reduced, and remains more expensive than electricity from an HGTCC across a wide range of annual solar shares.
Technical Limitations.
A number of the system specifications shown in Table 3 are based on a conservative consideration of the current equipment available for hybrid solar power systems. Near-term technology innovations may allow certain limitations to be overcome.
The latest generation of CCGT equipment is characterized by increased flexibility, with minimum stable loads down to 20% achieved by certain configurations [1] . Advanced solar air receivers, currently at the prototype stage, will allow solar heat to be harnessed at temperatures up to 1200 C [13] in the next generation of HGTCC systems. These advances will increase the nominal solar share of the SPVCC and HGTCC power plants. A similar effect can be achieved in the ISCC power plant by increasing the degree of oversizing of the bottoming steam cycle, albeit at the cost of increased part-load operation of the CCGT system. The influence of changing these parameters on the overall LCOE of the hybrid CCGT power plants is shown in Fig. 16 .
Lowering the minimum load of the CCGT unit reduces the need to curtail output from the photovoltaic array, and thus allows more solar energy to be integrated into the SPVCC for the same cost. At 20% minimum load, the maximum annual solar share of the SPVCC is increased from 38.8% to 51.2%. A similar effect is observed when installing larger steam-turbines in the ISCC power plant, where the maximum annual solar share passes from 8.3% to 19.9%. At the same time, however, the fixed costs for hybridization of the ISCC power plant rise from 229 to 554 USD/kW e due to the increased size of the bottoming steam cycle. The greatest increase in solar share is observed for the HGTCC, where the increase in receiver temperature from 800 to 1200 C increases the maximum annual solar share from 24.7% to 56.1%. However, the increase in fixed costs for the HGTCC power plant is also higher, as the central tower must be dimensioned to cope with operation at 1200 C; the fixed costs increase from 257 to 755 USD/kW e .
6.3 Optimal Configurations. As a result of these fixed cost increases, there is a tradeoff between maintaining low electricity costs at low solar shares and increasing the maximum solar share that can be reached by the power plant. The optimal solar receiver temperature or degree of steam-turbine oversizing is therefore not constant, and varies with the desired annual solar share, as can be seen in Fig. 17 . At low annual solar shares, low temperatures and turbine sizes are preferable, in order to keep the fixed costs to a minimum. As the desired solar share increases, these values are increased, in order to allow more solar heat to be integrated into the power plant. Once the upper limit is reached, the maximum nominal solar share has been achieved, and the only means to increase the annual solar share is to oversize the solar collector equipment, as was previously the case.
The performance of the hybrid CCGT power plants with the optimally chosen parameters from Fig. 17 are shown in Fig. 18 . Furthermore, for the SPVCC power plant, a flexible CCGT unit with a minimum load of 20% was considered, operating in daily shutdown mode (see Sec. 6.1).
The use of optimal design parameters allows the ISCC and HGTCC power plants to almost entirely avoid the fixed cost increase for hybridization. With the possibility to vary the receiver temperature and operate up to 1200 C, the HGTCC configuration now provides the lowest LCOE (both overall and solar) for annual solar shares between 1.2% and 53.5%. The SPVCC remains the configuration able to reach the highest annual solar shares (up to 63.2%), due to the ability to completely shut down the CCGT unit on days with good solar irradiation, when the output of the photovoltaic array exceeds the nominal capacity of the power plant.
The cost of solar electricity from the HGTCC power plant is relatively constant at annual solar shares between 6.9% and 42.2%, with cost values between 105 and 110 USD/MWh e . Similarly, the solar LCOE of the SPVCC configuration is constant at annual solar shares up to 35.3%, although with a value of 196 USD/MWh e it is only competitive with electricity from the HGTCC at annual solar shares below 1.2%. Even with optimally selected design parameters, the ISCC configuration is unattractive, with solar electricity costing between 230 and 240 USD/MWh e at annual solar shares up to 13.3%, and increasing rapidly as the solar share is increased further.
Overall, the optimal design is an HGTCC power plant, with an annual solar share of 18.9%, capable of generating solar electricity at a cost of 105 USD/MWh e . The overall LCOE of the HGTCC configuration is 98 USD/MWh e , an increase of only 2.1% compared to the reference, unmodified CCGT power plant. The solar receiver of the optimal HGTCC configuration operates at a temperature of 820 C, only slightly higher than the initial temperature limit specified in Table 3 , making this design feasible with existing technology.
Conclusions
Three different means of integrating solar energy into a CCGT power plant have been analyzed using thermo-economic tools in order to determine their relative performance and economic viability. Solar energy can either be harnessed directed using a photovoltaic array (in an SPVCC power plant) or converted to heat and integrated into the topping gas turbine (in an HGTCC power plant) or the bottoming steam cycle (in an ISCC power plant). All three designs were analyzed for a location in southern Spain (located at 37.2 N, with an annual DNI of 2136 kWh/m 2 yr) where natural-gas prices are relatively high (a value of 40.1 USD/ MWh th was assumed).
The initial analysis was based on conservative values for the performance and technical limits of the power plant equipment, and revealed that at low annual solar shares (below 4.8%) it is the SPVCC that provides the lowest-cost solar electricity, with a constant cost of 196 USD/MWh e . At medium solar shares (between 4.8% and 22.8%) it is the HGTCC that provides the lowest costs, with a minimum solar electricity cost of 105 USD/MWh e at an annual solar share of 17.4%. At higher solar shares, the SPVCC again becomes the most cost-effective configuration, but in this region the solar LCOE increases rapidly and no configuration is economically viable. The ISCC configuration suffers from an inherent disadvantage in that solar heat is added only to the bottoming cycle of the CCGT unit. As more solar heat is integrated, the power plant shifts production towards the steam cycle, less benefit can be drawn from the combined-cycle arrangement and the overall efficiency of the power conversion drops. Combined with the need for an oversized steam-turbine, this has a negative impact on the cost of the electricity produced and the ISCC configuration is more expensive than either the SPVCC or HGTCC configurations, regardless of the solar share.
A second analysis was also performed, examining the performance of the hybrid CCGT power plants when the power plant components are operated closer to their maximum feasible limits. This approach allowed the maximum degree of solar integration to be increased, from 38.8% to 58.9% for the SPVCC, from 24.7% to 56.1% for the HGTCC and from 8.3% to 19.9% for the ISCC. With higher operating temperatures in the solar receiver, the HGTCC establishes itself as the dominant configuration across a wide range of annual solar shares, from 1.2% to 53.5%. With optimally selected parameters, the lowest cost of solar electricity is obtained by building a HGTCC power plant with an annual solar share of 18.9%, which generates solar electricity at a cost of 105 USD/MWh e . Overall, the ISCC configuration was shown to be unattractive, with solar electricity from an ISCC being more expensive than from the other configurations at all achievable solar shares, even when optimal design parameters are considered.
Hybrid CCGT power plants appear to be an interesting means of integrating solar power into the electricity grid in a controllable manner, as well as an excellent solution for reducing CO 2 emissions from traditional fossil-fuel fired CCGT power plants. With solar electricity costs from HGTCC power plants significantly lower than from conventional standalone solar power plants, hybrid technology has the potential to be a strong driver for greater deployment of solar power, leading to increased capacity, lower costs and a reduction in our dependence on fossil-fuels. 
